Abstract-A time-frequency classifier is applied for human gait classification. Time-frequency (t-f) quadratic distributions are used for time-frequency signal representations. Three specific motions are considered, corresponding to three different scenarios of arm motions which describe free and confined arm swings. The microDoppler signature in the time-frequency domain of each motion style is viewed as a feature and is incorporated in a distance-based classifications measured between the test data t-f distribution and the training average t-f distributions. It is shown that the time-frequency classifier performs properly, yielding low probability of classification errors, and its performance is rather insensitive to the type of time-frequency distribution employed. Among the possible distance measures used, which include the Correlation, Bhattacharyya and Kolmogorov, the Euclidean distance provided the best results.
I. INTRODUCTION
Human gait has complex articulation and reflects radar signals with Doppler modulations that reveal information about motion dynamics. The overall Doppler signature of a moving human, including breathing and heartbeat, which constitutes the biometric radars, has received significant interest during the last few years [1] [2] [3] [4] [5] . However, literature on human gait recognition using radar has often been concerned with the processing and extraction of MicroDoppler (µD) rather than gait recognition or classification. Recognizing that time-frequency representations (TFRs) are an efficient tool for nonstationary signal classification, human gait analysis has typically been performed with joint time-frequency signal techniques [6] . In [12] , scatter plots of stride and appendage/torso ratio vs. velocity are used as gait signature and a linear classifier is built to identify gender and human presence.
This paper considers the classification of the nature of the walking motion of humans using MicroDoppler radar returns represented by their time-frequency signatures. The time-frequency classifier used in this paper follows the work in [13] in which no specific feature is extracted, but rather the entire time-frequency representation is used. Unlike PCA and support vector machine based classifications [14, 15] , the entire time-frequency domain is employed in providing the distance measure.
This paper shows that the aspect angle plays a role in human gait classification. Specifically, in the case when the motion trajectory puts the human torso in the line of sight between the radar and one of the two arms. In this case, the classifier tends to confuse a one-arm obstructed motion as noarm motion.
II. HUMAN GAIT REPRESENTATION
Doppler spectrum is a complex response of gait cycle phase to incident radar illumination. We consider a point target situated at a distance R(t). The target is moving towards the radar at a velocity v(t). Let s(t) represents the transmitted signal, s(t) = Acos(2 π f t) ( 
1)
The received signal is given by r(t),
with c the speed of light and A' a reflexion coefficient. If reflected from a moving target (limb) with an angle θ with the radar direction, then the reflected signal can be written as,
The corresponding Doppler shift is ( )
When scattering from the total human body is considered, the radar return becomes a superposition of the different moving parts : torso, arms, legs and feet. Each part has a different velocity and acceleration. If we consider J different moving parts of the body, the received signal is,
Accordingly, the Doppler shift is a complex interaction of multiple Doppler shifts generated by the limb and torso movements.
It is noted that the maximum speed of a person walking is typically 1.5 m/sec which is equivalent to 25 Hz frequency shift when using a Doppler radar at 2.5 GHz. Clearly, the ability to detect human gait depends on the Doppler signature and the power remaining after the MTI filtering for clutter removal is applied. The microDoppler generated by the movements of arms and legs is a highly nonstationary signal which can be revealed in the time-frequency domain using conventional or modern time-frequency signal representation techniques.
III. THE CLASSIFICATION MODEL
Define d(.,.) as dissimilarity or distance measure and C x φ (t,f) as time-frequency distribution from Cohen's class, characterized by its respective kernel function. The signal x belong to one of the N class of motions. In essence, as a classification rule, we assign x to class i following ) , ( min arg
where There are several possible various measures which can be used in the underlying problem. Each measure may yield a different classification result, as demonstrated later in Section IV. Below are the four leading distance measures which have been employed. The Euclidean distance is given by,
whereas the correlation distance is defined as
On the other hand, the Kolmogorov distance is given by
whereas, the Bhattacharyya distance is expressed as
In the last two distance measures, we used the normalized TFD,
Irrespective of the distance measure, the error probability of misclassification can be written as
Each class is supposed to be equally likely. We define the error as the difference of distance between the correct class i and class j,
It can be readily shown that,
Following the same reasoning as in [13] , we model the error distribution as Gaussian, i.e.,
where the mean and the variance can be estimated as
This equation allows an estimation of the classification error which depends on the TFD and the distance measure. One may devise the best time-frequency distribution kernel that leads to a minimum classification error, but this work is beyond the scope of this paper.
IV. EXPERIMENTAL RESULTS
Three human gait classes were used for experimentation, 1) one-arm swing, 2) two-arms swing and 3) no-arms swing. The Doppler information for each class was captured by computing the spectrogram of the radar backscatter which is shown in Fig. 1 . The data was collected at two incident angles to the walker as shown in Fig. 2. In Fig.1 , the horizontal axis is time and the vertical axis represents the Doppler frequency. Positive and negative Doppler frequencies correspond to the subject moving toward or away from the radar, respectively [14] . The spine of each plot corresponds to the torso motion. Even for steady motion, the torso speeds up and slows down during a gait cycle as body goes through gait phases. This phenomenon is reflected in the slowly varying, but strong, Doppler. Arms, legs and feet motions are manifested in periodic features in the plots. For example, in Fig. 1(a) , the strong peaks correspond to arm motions and the smaller peaks correspond to feet and leg motion. Composite Doppler for the legs, the arms and the feet are captured in Fig. 1(b) . Note that the arm motion results in positive and negative Doppler during a gait cycle, whereas the leg motion registers positive Doppler only for the approaching moving subject and negative Doppler for receding subject. The reason is that for the approaching subjects, the legs are always moving forward, or are at most stationary, during the double limb support phase [14] . The length of the Time-Frequency window has been chosen to maximize the Renyi information [16] .
Preprocessing
Before proceeding with the classification, preprocessing is performed on the raw data. First, we consider only the constant speed phase movement. Classification is not applied to acceleration and deceleration motion. So we consider, for each movement, Time-Frequency representation of 2.8 seconds which is sufficient for detecting the periodicity of the motion. Second, a time synchronization is realized. In order to take into account the different periodicity of the three different movement, we temporally synchronize the Time-Frequency representations, which is temporally translated to have arm movement beginning at the same instant. A Time-Frequency representation of reference is chosen, C x φ (t,f), and time correlation of each Time-Frequency representation with the reference is computed. The maximum of the correlation gives the time translation needed for movement synchronization.
Experiments, 0 degree angle
Experiments have been conducted on five different people walking with three different motions. We first consider here the data collected at zero degree angle. Several experiments have been realized for each subject. These persons are denoted A, B, C, D, E. After preprocessing step, 5 signals are available for each person. Two scenarios are considered in the study for the formation of learning and training set. In the first scenario, subjects A and B are used for training, whereas subjects C, D, E are used for testing. This is a realistic scenario because the three persons are unknown for the classifier. Results of the first scenario are shown in Table  1 .
FIRST SCENARIO 3 Classes
Error Total Error class 1 Error class2 Error class3 For each class and distance, we consider the total error of classification and misclassification. Class one corresponds to the one arm swinging movement; class two is for the two arms swinging movement; class three for the no arms swinging movement. In the second scenario, for each subject, two signals of each motions are placed into the learning set. The others signals are used for the training set. In this situation, each person is known by the classifier, and we expect to have better results. Results of the second scenario are shown in Table 2 . In all four measures, and for both scenarios, the no-arm swing class assumes the lowest error. It is also evident from Table 1 that the Euclidean distance gives, in most cases, the best performance.
Experiments, 30 degrees angle
In the second example, we conducted the same experiments; but for the five people walking with an angle of 30 degrees towards the radar line of sight. The learning set is composed of the signal acquired at 0 degree angle. The classification testing signals acquired at 30 degrees angle. Figure 3 shows the TFD for the three movements we consider. For class 1, one arm swing movement, the movement of the limb is difficult to observe in the TFD because the limb is hidden by the body during the motion. It is clear that class 3 motion does not suffer form the aspect angle, and it assumes a very low probability of error. Other classes, however, show significant errors. It appears that misclassified signals of class 1 migrate to class 3. The movement of the arm is not recognized.
V. CONCLUSION
In this paper, a time-frequency classifier has been introduced for human gait classifications. Three specific motions have been studied, corresponding to three different scenarios of arm motions which describe free and confined arm swings. The microDoppler signature in the timefrequency domain of each motion style is used as a feature and is incorporated in classification distance measures between the test data t-f distribution and the training average t-f distributions. Two scenarios of training/testing are considered. One used all objects (people) for training, whereas the other used only a subset of objects of training and a different subset for testing. It is shown that in both cases, the time-frequency classifier gives desirable results, yielding low probability of classification errors. 
